Citation: Tan CSH, Cheong KX. Macular choroidal thicknesses in healthy adults-relationship with ocular and demographic factors. Invest Ophthalmol Vis Sci. 2014;55:6452-6458. DOI:10.1167/iovs.13-13771 PURPOSE. To determine the differences in choroidal thickness (CT) among different groups of refractive errors and axial lengths, and to describe the rates of change of CT with ocular and demographic factors in various regions of the macula. METHODS. Prospective cohort study of 150 healthy volunteers. Spectral-domain optical coherence tomography was performed on both eyes using a standardized imaging protocol. Manual grading of the choroidal boundaries was independently performed by trained graders to determine Early Treatment Diabetic Retinopathy Study (ETDRS) subfield choroidal thickness. Multiple linear regression analyses were performed to determine the effects of spherical equivalent, axial length and age on choroidal thickness in each subfield. RESULTS. The mean central subfield CT was 324.9 lm (range, 123-566 lm) and varied significantly with both spherical equivalent (P < 0.001) and axial length (P < 0.001), but not age or sex. On multiple linear regression analysis using spherical equivalent, the coefficients were 20.0 for the central subfield, ranged from 16.9 to 19.9 for the inner subfields, and decreased to 13.9 to 16.2 for the outer subfields. Performing regression analysis using axial length, the coefficients were À36.4 for the central subfield, À30.5 to À34.5 for the inner subfields, and À24.6 to À27.3 for the outer subfields. CONCLUSIONS. Choroidal thickness varies significantly with spherical equivalent and axial length in all regions of the macula, but exhibits different rates of change among different subfields. The rates of change were greater in the central and inner subfields compared with the outer subfields.
B
esides playing an essential role in the normal physiology of the eye, the choroid has also been shown to be of importance in the pathophysiology of various retinal diseases. Using spectral domain optical coherence tomography (SD-OCT), investigators have reported relative thinning or thickening of the choroid in patients with diseases such as AMD, 1, 2 polypoidal choroidal vasculopathy, 2 diabetic retinopathy, 3 central serous chorioretinopathy, 4, 5 and pathologic myopia. 6, 7 Indeed, it has been suggested that variations in choroidal thickness may indicate the presence of a disease, or affect its prognosis and progression. In these studies, choroidal thickness in the diseased eye was compared with either the patient's contralateral eye or with a control group. However, any attempt to compare choroidal thickness in eyes with diseases with what is considered ''normal'' must be tempered by the knowledge that there exists considerable variation of normal choroidal thicknesses reported in the literature. Mean subfoveal choroidal thickness ranges from 264.15 to 354.00 lm. [8] [9] [10] [11] [12] [13] [14] To fully appreciate the relationship between choroidal thickness and retinal diseases, it is essential to have normative values for choroidal thicknesses among different populations, and to understand the demographic and ocular factors that affect these parameters.
Earlier studies have reported that choroidal thickness varies with spherical equivalent (6.205-25.4 lm per diopter), 10, [15] [16] [17] [18] [19] [20] [21] [22] axial length (À17.031 to À58.2 lm per mm), 10, 17, 20, 21, [23] [24] [25] or age (À0.899 to À5.4 lm per year). 9, 10, [15] [16] [17] [18] 20, [22] [23] [24] 26, 27 Most of these studies, however, analyzed the change of point thickness measurements (subfoveal choroidal thickness) or, less commonly, central subfield choroidal thicknesses. 15, 23, 24 Because the choroid is a three-dimensional structure, with a highly anastomosed network of blood vessels, and has been shown to exhibit considerable topographic variation, 14, 15, 23, 24 a key gap in our current knowledge is whether ocular parameters affect choroidal thickness uniformly throughout the macula or at different rates in various regions of the macula. Retinal and choroidal diseases are not confined to the fovea, and may involve other regions of the macula. Therefore, it is essential to understand how choroidal thicknesses in different regions of the macula vary with spherical equivalent, axial length, or age so as to fully appreciate the effects of the disease process on the choroid.
Our objectives were to determine the differences in choroidal thickness among different groups of refractive error and axial lengths. We also aimed to describe the rates of change of choroidal thickness with ocular and demographic factors, and to compare the rates of change among various regions of the macula.
METHODS
In a prospective cohort study performed at the National Healthcare Group Eye Institute, Tan Tock Seng Hospital, Singapore, 150 consecutive healthy volunteers of Chinese ethnicity underwent ocular imaging with SD-OCT. This study was approved by the Institutional Review Board of the National Healthcare Group, and conformed to the tenets of the Declaration of Helsinki. Written, informed consent was obtained from all participants. Participants were examined by a trained ophthalmologist (CSHT) to exclude ocular pathology. Participants with ocular disease or previous ocular surgery were excluded. Due to the small number of hyperopes among the young volunteers, participants with spherical equivalent greater than þ0.50 diopters (D) were also excluded.
Ocular Imaging Protocol
Using a standardized imaging protocol, SD-OCT with enhanced depth imaging 8 was performed on both eyes using the Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany).
The same experienced operator performed all OCT scans under standardized mesopic lighting conditions, first on the right eye, followed by the left eye. A 31-line horizontal raster scan (308 3 258, 9.2 3 7.6 mm) centered on the fovea was performed, with 25 to 35 frames averaged in each OCT B scan to improve the image quality. Each OCT scan was reviewed by a Fellowship-trained retinal specialist (CSHT) to ensure that the scan was of sufficient clarity to adequately visualize the choroid-scleral boundary on every B scan. If any scan was of insufficient quality, it was immediately repeated and reviewed until the image was satisfactory.
All OCT scans were performed within a standardized 2-hour period from 12 PM to 2 PM to account for the effects of diurnal variation of choroidal thickness. 14, 28, 29 Axial length was measured using the IOL Master (Carl Zeiss Meditec, Dublin, CA, USA), and refractive error and keratometry were measuring using the Canon RK-F1 full autorefractorkeratometer (Canon, Inc., Tokyo, Japan).
Emmetropia was defined as spherical equivalent between À0.49 D and þ0.50 D, and myopia was defined as spherical equivalent of À0.5 D or more. High myopia was defined as spherical equivalent of À6.0 D or more.
Manual Segmentation of the Choroid
The segmentation lines of all 31 horizontal B scans from each of the 300 eyes were manually adjusted by two trained and experienced graders using the Heidelberg Eye Explorer software (version 1.7.0.0); (Heidelberg Engineering). The OCT scans were first centered over the fovea. The lower segmentation line, originally drawn automatically at the lower border of the RPE, was moved to the choroid-scleral junction. In regions where the choroid-scleral boundary could not be seen distinctly (between 500 and 1000 lm in length), reference was made to the adjacent areas of the choroidscleral interface as well as to OCT sections superior and inferior to that B scan to give an indication of the variation of the choroidal topography both horizontally and vertically in that region. Subsequently, the upper segmentation line (originally corresponding to the internal limiting membrane) was moved down to the lower border of the RPE.
The mean choroidal thicknesses in all sectors of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid were calculated by the software and displayed. Subfoveal choroidal point thickness was measured from the lower border of the RPE to the choroid-sclera junction.
Statistical Analysis
Statistical analysis was performed using SPSS version 16.0 (SPSS, Inc., Chicago, IL, USA). The differences between the spherical equivalent groups were analyzed using ANOVA with Bonferroni correction. Multiple linear regression analyses were performed to determine the effects of spherical equivalent, axial length, and age on choroidal thickness in each sector of the ETDRS grid. Intraclass correlation was used to assess the agreement between the two graders for choroidal thickness measurements.
RESULTS
The mean spherical equivalent of the 300 eyes was Choroidal thickness in the central subfield correlated well with both spherical equivalent and axial length (Pearson correlation coefficient R ¼ 0.57 and À0.54, respectively, both P < 0.001). In all ETDRS subfields, the correlation coefficient for choroidal thickness with spherical equivalent was marginally stronger compared with the correlation with axial length. Analyzing separately, spherical equivalent was found to correlate strongly with axial length (R ¼ À0.77, P < 0.001). The Kolmogorov-Smirnov tests and Q-Q plots for choroidal thicknesses showed normal distributions in all subfields.
The mean central subfield choroidal thickness was 324.9 lm (SD 6 94.3), and demonstrated a considerable range (443 lm), with a minimum of 123 lm and a maximum of 566 lm. Analyzing by spherical equivalent, mean central subfield choroidal thickness decreased progressively with increasingly severity of myopia, ranging from 438.5 lm among emmetropes to 238.9 lm among myopes with spherical equivalent greater than or equal to À8.0 D (Fig. 1A ). The differences in choroidal thickness among all spherical equivalent groups were statistically significant (ANOVA P < 0.001). Similarly, the mean central subfield choroidal thickness decreased progressively with increasing axial length (Fig. 1B) , with the differences among groups also being statistically significant. Table 1 summarizes the mean choroidal thickness in each subfield of the ETDRS grid and its variation with spherical equivalent. Analyzing for all participants, the choroid was thickest in either the temporal or superior sectors, and thinnest in the nasal sectors. Among those with spherical equivalent À1.99 D to þ0.50 D, the choroid was thickest in the inner temporal and central subfields, whereas in all other groups, the central subfield was thinner than the corresponding temporal or superior sectors. The variation of choroidal thickness with axial length in each subfield of the ETDRS grid is summarized in Table 2 , and shows a decrease in choroidal thickness with increasing axial length. Among participants with axial length 22.0 to 23.99 mm, the choroid was thickest in the central subfield and inner temporal sectors. For those with axial length of 24 mm or more, the temporal and/or superior subfields were thicker than the central subfield.
Comparing by sex, there were no significant differences in choroidal thickness in any ETDRS subfield (all P > 0.05). These results were seen when the entire cohort was analyzed, and when the cohort was subdivided by spherical equivalent or axial length groups. Analyzing for age, there was no significant correlation between age and choroidal thickness (P > 0.05 for all sectors) and no significant difference in choroidal thickness among older participants compared with younger participants.
Linear Regression Analysis
Performing linear regression analysis, spherical equivalent was a significant factor in determining central subfield choroidal thickness, with a coefficient of 20.0 (95% CI 16.4-23.6, P < 0.001) and R 2 of 0.328. Using axial length as the independent variable instead, the coefficient was À36.4 (95% CI À43.6 to À29.3, P < 0.001) with R 2 of 0.292. The coefficient for age was À3.0 (95% CI À9.2 to 3.2, P ¼ 0.339).
Two separate linear regression models were constructed: the first using spherical equivalent as the independent variable (Table 3) , and the second using axial length (Table 4) .
Analyzing the effects of spherical equivalent on choroidal thickness, the coefficient was greatest in the central subfield (20.0), ranged from 16.9 to 19.9 for the inner ETDRS subfields, and decreased to 13.9 to 16.2 for the outer subfields ( Table 3) . As a result, the rate of change of choroidal thickness with spherical equivalent was greatest in the central subfield, followed by the inner subfields, and was more gradual in the outer subfields ( Fig. 2A) . The difference in mean choroidal thicknesses among the central, inner, and outer subfields was greatest for emmetropes, and progressively decreased with myopia severity (Fig. 2A) . Among high myopes (spherical equivalent À6 D or higher), the mean central, inner, and outer ETDRS subfields were of similar thickness.
Similar patterns were observed for linear regression using axial length, with higher rates of change in the central and inner subfields, and lower rates in the outer subfields (Table 4 ; Fig. 2B ).
Spherical equivalent was a significant factor affecting choroidal thickness for those with spherical equivalent less than À6 D (coefficient 23.3, R 2 ¼ 0.20, P < 0.001) but not for high myopes (spherical equivalent À6D or higher; coefficient 13.4, R 2 ¼ 0.04, P > 0.05). Performing linear regression separately for participants with axial length less than 26 mm and axial length of 26.0 mm or more, the coefficients were À45.4 (R 2 ¼ 0.15, P < 0.001) and À36.4 (R 2 ¼ 0.11, P < 0.0001), respectively.
Central point choroidal thickness was similar to central subfield choroidal thickness (Tables 1, 2) , and it has similar rates of change with spherical equivalent and axial length compared with central subfield choroidal thickness (Tables 3,  4) .
DISCUSSION
In this prospective cohort study, we found progressive changes in mean choroidal thicknesses in all ETDRS subfields across a wide range of spherical equivalents and axial lengths. The rate of change of choroidal thickness varies in different regions of the macula, being largest in the central subfield, followed closely by the inner ETDRS subfields, and smallest in the outer ETDRS subfields.
Although some earlier studies have described the effects of spherical equivalent or axial length on central point thickness measurements, 9,10,16-21 central ETDRS subfield thickness, 24 or for mean choroidal thickness of the entire 6-mm ETDRS zone 15, 23, 24 as summarized in Table 5 , we are not aware of any comprehensive analysis and comparison of the variation of choroidal thicknesses and their actual rates of change among different regions of the macula in healthy adults. Because choroidal thickness is postulated to influence the course of a disease, and some authors have reported measurements of choroidal thicknesses under the active lesion (which may occur outside of the central subfield), 5 it is essential to have normative values for choroidal thicknesses in all regions of the macula and to understand how these change with ocular parameters. For example, we have shown that choroidal thickness decreases with more severe myopia and longer axial length at a slower rate in the outer subfields; hence, it would not be appropriate to assume that spherical equivalent or axial length affect choroidal thickness to the same extent in the outer subfields compared with the central subfield.
In a review of the literature, we are not aware of any studies reporting regression analysis for central subfield choroidal thickness against spherical equivalent in healthy adults. Among the studies using central point thickness measurements, the rate of change of choroidal thickness per diopter ranges from 6.205 lm to 29.13 lm, 10,15-22 which is consistent with our results for both central subfield and central point thickness. These variations could be due to differences among the cohorts, or the effects of diurnal variation of choroidal thickness. 14, 28, 29 Some studies have reported that spherical equivalent did not affect choroidal thickness in their study population or a specific subgroup in their study. 17, 20, 23, 30 Flores-Moreno et al. 17 reported that spherical equivalent was significantly correlated with choroidal thickness only among high myopes (À6 D or 20 reported that the relationship between choroidal thickness and refractive error was not statistically significant for a spherical equivalent range of À1 D through hyperopia. When we subdivided our cohort by refractive error, spherical equivalent was a significant factor for those with emmetropia or lower severity of myopia (23.3 lm per diopter), whereas axial length was significant for those with shorter or longer axial lengths.
The reported variations of choroidal thickness with axial length ranges from À20.1 lm to À58.2 lm per mm of axial length, which is consistent with our findings. In this study, we constructed regression models for spherical equivalent and axial length separately (Tables 3, 4) due to the strong correlation and collinearity between the two variables. Both factors demonstrated strong correlations with choroidal thickness, although the model fit was slightly better using spherical equivalent compared with axial length.
Although some earlier studies have reported that the choroid is thickest in the central subfield, 15 or subfoveally using central point thickness, 9,31,32 others have described the choroid to be thicker in either the superior or temporal regions. 14, 15, 23, 24, 26, 27 We found important differences in the 17 reported that in the control group (without myopia), the choroid was thickest centrally. In contrast, among high myopes, the temporal choroid was thicker than the central choroid.
Several studies have reported significant decreases in choroidal thickness with age. 9, 10, [15] [16] [17] [18] [19] [20] [22] [23] [24] 33 In this study, age did not significantly affect choroidal thickness, and it is likely due to the relatively smaller age range of our cohort.
The strengths of this study include a large number of participants (300 eyes), which is larger than in many earlier studies. We also included participants with a wide range of spherical equivalent (À11.5 to þ0.50 D) and axial lengths (22.0-29.3 mm). This improves the accuracy of regression analyses and allows us to examine the effects of these parameters across a large range of refractive errors. We also accounted for possible confounders by including a group of participants with relatively uniform demographics. All OCT scans were performed at standardized time so as to minimize the effect of diurnal variation on choroidal thickness, as earlier studies have described diurnal variation with mean amplitudes of more than 30 lm. 14, 28, 29 In this study, 31 horizontal sections were performed for each OCT scan, which is consistent with the imaging protocols in earlier studies using Spectralis OCT. 27 A paper by Chhablani et al. 34 reported that with the Spectralis OCT, 16 OCT B scans over the macula with an interscan distance of 480 lm was sufficient to provide a clinically relevant and reliable choroidal volume map for both eyes with and without chorioretinal diseases.
This study is not without limitations. We included participants within the ages of 21 to 33 years and hence cannot comment on the factors affecting choroidal thickness among older patients. However, we feel that this actually confers an advantage: Because the age is restricted to a smaller range, any variation in choroidal thicknesses observed is more likely due to factors such as spherical equivalent or axial length, and this eliminates the need to account for the effects of age statistically. Furthermore, the relative impact of factors such as spherical equivalent, age, or retinal diseases on variation of choroidal thickness over the decades remain unknown. Could one factor such as spherical equivalent assume a greater importance earlier on in life, only to play a relatively smaller role in later years? We demonstrated that spherical equivalent affects choroidal thickness among those with spherical equivalent less than À6.0 D, but not among high myopes, whereas axial length affects both groups. Ding et al. 18 reported that spherical equivalent was significantly correlated with choroidal thickness only in participants 60 years and younger and not in their older participants. This study establishes a baseline range of choroidal thickness among young adults on which to base future comparisons with studies on the effect of age and disease. It is for this same reason that we chose to limit our study to participants of Chinese ethnicity, although we do feel that it would be interesting to examine the roles of age and ethnicity on choroidal thickness variation in future studies.
In conclusion, we demonstrated that choroidal thicknesses vary significantly with spherical equivalent and axial length in all ETRDS sectors. The rates of change of choroidal thicknesses vary based on the region of the macula involved, with choroidal thicknesses changing more rapidly in the central and inner subfields.
